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Abstract 
 
In this paper we report an investigation of how forest stand mixture may affect 
biomass allometric relationships in Norway spruce (Picea abies (L.) Karst). Analysis 
of aboveground biomass data was conducted for 50 trees. Twenty-five sample trees 
were from a pure Norway spruce stand and the remainder were taken from a mixed 
stand of Norway spruce with European beech (Fagus sylvatica L.). ANCOVA results 
demonstrated that individual tree biomass allometry of the pure stand significantly 
differed from that of the mixed stand. Allometric characteristics depended on the 
biomass component recorded and the type of biomass predictor used. When predicted 
by DBH and/or height, the total aboveground biomass of mixed stand trees was 
significantly less than that for pure stand ones. This ‘apparent’ lower aboveground 
biomass was attributed to the lower branch and needle biomass proportions of trees 
growing in mixed stands. The findings indicate that caution should be exercised when 
applying biomass allometric models developed from pure stands to predict tree 
biomass in mixed stands (and vice versa), as such data treatment may introduce 
significant bias. 
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biomass, allometric equation 
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Introduction 
Tree biomass allometry represents one of the most important tools available for 
estimating carbon sequestration in forest biomass, and is widely used when 
appropriate forest inventory data is available (Brown 2002, Picard et al. 2012). 
Allometric models are based on regression relationships that use tree dimensions (e.g. 
diameter at breast height, tree height, root collar diameter) to predict biomass 
(Baskerville 1972, Parresol 1999). The variation in such regression models is believed 
to be attributable to genetic factors (Enquist et al. 1999), abiotic environmental 
conditions (Delucia et al. 2000) and biotic influences such as competition for 
resources in the immediate environment (Copenhaver and Tinker 2014). 
It is well established that biomass allometric models are site and species 
specific. Thus at a species level (Enquist et al. 1998, Pretzsch 2006), the genotype 
dictates how trees respond to competition and environment, thereby influencing the 
allometric characteristics of the phenotype. Wood density, which is genetically 
controlled (Rozenberg et al. 2001) has been demonstrated to affect allometric 
characteristics (Enquist et al. 1998) and has also been successfully used to improve 
the accuracy of prediction, especially in multispecies allometric models (Chave et al. 
2014). It appears that because of genetic similarity, allometric characteristics of some 
species are not greatly influenced by the method of forest regeneration. This is 
demonstrated by Kauppi et al. (1988) in their study of coppiced and planted downy 
birch (Betula pubescens Ehrh.), whose findings are consistent with research 
conducted on other species (for example see: Harrington and Fownes (1993), António 
et al. (2007)). The site specificity of allometric models is attributable to the fact that 
each forest site has unique environmental conditions (e.g. soil, precipitation, 
temperature) and each tree species has unique competitive characteristics. Soil 
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properties have been shown to influence biomass allometry (de Castilho et al. 2006, 
Dutcă et al. 2014), as has climate (Callaway et al. 1994, Lines et al. 2012). However, 
the variability of biomass-DBH relationships is most commonly influenced by 
heterogeneity in environmental conditions. Such variability may destabilise height-
DBH relationships and render them unsafe for making biomass predictions. Chave et 
al. (2014) found that the effects of climatic conditions and tree species were 
apparently ‘removed’ when biomass was modelled using a combination of DBH, 
height and wood density predictors. This is consistent with a view that much of the 
environmental effect is explainable by height-DBH relationships, whereas species 
effects are statistically related to wood density variation. In a study of Amazonian 
species, Baker et al. (2004) similarly found that much of the variance in wood density 
could be attributed to species and genus effects.  
A review of the literature highlights considerable variation and conflicting 
findings from studies that evaluate the effect of stand density on tree biomass 
allometry. Usually stronger competition accelerates growth (which may affect wood 
density) and changes the biomass allocation among tree organs (Poorter et al. 2012). 
However, some studies report that stand density has no biomass allometric effect 
(António et al. 2007), whereas workers studying a variety of broadleaved and 
coniferous species report the significant influence of stand density and, therefore, 
stand competition on tree allometry (see for example: Enquist et al. (1998), 
Copenhaver and Tinker (2014)). 
In their study of two oak species, Saha and co-workers (2014) demonstrated 
that interspecific competition varied in its influence on growth and stem quality when 
compared to intraspecific competition. Conversely, (Pretzsch 2014) did not find any 
significant differences in height-DBH allometry, although European beech trees 
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proved to be more effective in gap filling, and therefore imposed greater lateral 
competition pressure when compared to Norway spruce trees (Dieler and Pretzsch 
2013). Norway spruce (Picea abies, L. Karst) is one of the most common tree species 
in Europe, and frequently occurs in mixtures with European beech (Fagus sylvatica 
L.). Mixing Norway spruce with European beech has been shown to stimulate growth 
in both species and greater biomass production than otherwise occurs in pure stands 
(Pretzsch and Schütze 2009). This phenomenon can therefore be used to enhance 
carbon sequestration in forests. As a result of the different morphological plasticity of 
the two species, crown allometry has been demonstrated to be significantly different 
in mixed stands when compared to pure stands. This difference has also been shown 
to be species ‘specific’ (Pretzsch 2014). Despite extensive research to explore 
differences between pure and mixed stands, it is not yet understood how stand 
mixtures influence tree biomass allometric models. Understanding how biomass 
allometry is affected by species composition is scientifically important and has 
practical application for silviculture and for carbon sequestration to mitigate climate 
change. Because developing allometric models is labour intensive, tree sampling is 
often only conducted in pure stands for reasons of convenience. However, these 
models are applied in forestry practice regardless of whether the trees are growing in 
pure or mixed stands and without awareness of the likelihood that such models will 
introduce bias.  
This study therefore aimed to investigate how tree development in pure or 
mixed stands (with European beech) affected the biomass allometry of Norway 
spruce. We hypothesized that: (i) tree biomass allometry of Norway spruce may be 
influenced by interspecific competition which, in turn, may result in differences 
between allometric relationships for pure Norway Spruce and for mixtures with 
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European beech; (ii) the aboveground biomass of Norway spruce grown in mixed 
stands would be less than that for trees of equivalent diameter and/or height grown in 
pure stands due to greater lateral competition from European beech; and (iii) using 
both DBH and height to predict biomass would not be sufficient to compensate or 
offset for species composition effects. 
 
Materials and Methods 
Location of the study 
Measurements were taken in two neighbouring forest stands, one pure and one mixed, 
located in Brasov County, Romania (Table 1). The climate is cold and temperate (Dfb 
according to the updated world climate classification of Köppen and Geiger (Kottek et 
al. 2006)). The average temperature is 5.3°C and annual mean precipitation is 850 
mm in both forest stands. The two stands were selected as being appropriate 
candidates for the study, showing similar DBH range and environmental conditions. 
The mixed stand consisted of naturally regenerated European beech and planted 
Norway spruce. Beating up was undertaken in both stands so that gaps resulting from 
losses to seedling mortality were filled with successive generations of Norway spruce 
seedlings. The pure stand was established as a plantation solely of Norway spruce 
with subsequent generations of gap-fill seedlings. However, natural regeneration of 
European beech occurred on approximately 10% of the stand area. 
In each stand, a sample plot of 400 m2 was established, and the DBHs and 
heights of all trees were recorded. In the mixed stand, mean DBH for European beech 
was found to be 7.5 cm compared to 8.3 cm for Norway spruce. Mean height of 
European beech, at 8.2 m, was also less than that for Norway spruce (8.5 m), but the 
difference was not so marked as for DBH. 
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Measurements 
Aboveground biomass was measured for a total of 50 trees in July 2015 (15 trees 
from each stand) and July 2016 (10 trees from each stand). Twenty-five Norway 
spruce trees were sampled in each of the pure and mixed stands. The trees were 
selected based on the following criteria: (i) in the mixed stand, only Norway spruce 
trees adjacent to European beech trees were included for study; (ii) supressed trees, or 
those showing signs of affected structural integrity or disease were avoided in both 
stands; (iii) only Norway spruce trees of relatively similar height to the neighbouring 
trees were included for study; (iv) a lognormal DBH distribution was applied for tree 
selection. 
After felling, the stem and branch (including needles) components of each tree 
were separated and the fresh biomass of each component was measured in the field 
using an electronic scale (0.1 g precision). Wood samples from the stem were taken 
and dried at 80°C (to constant weight), to determine dried biomass. One or two 
branches were also randomly selected from each whorl and pre-dried in the 
laboratory, so that needles could be more easily separated from branches. Needles and 
branches were then further dried at 80°C (to constant weight). The dried biomass 
proportion of each component (stem, branches and needles) was then calculated. 
DBH was measured in situ, at 1.3 m from the ground, with a forest calliper 
(1mm accuracy), and recorded as the mean of two perpendicular diameter measures. 
Height was recorded after felling using a meter tape and measurements were made to 
a similar accuracy of ±1mm. 
The DBH of the 50 sampled trees ranged between 1.3 and 13.0 cm (trees 
sampled from mixed stand: 2.3 to 13.0 cm; trees sampled from pure stand: 1.3 to 12.9 
cm) and height ranged from 2.1 to 13.1 m (trees sampled from mixed stand: 2.9 to 
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13.1 m; trees sampled from pure stand: 2.1 to 12.9 m). The total aboveground biomass 
of mixed stand trees ranged from 1309 to 40266 g and from 1768 to 49722 g for pure 
stand trees.  
Norway spruce trees in pure stands are hereafter referred to as “pure trees” and 
those growing adjacent to European beech, as “mixed trees”. For each tree, the stem, 
branch and needle biomass were measured in the field. The dried biomass categories 
were: stem biomass (ST), branch biomass (BR), needle biomass (ND) and 
aboveground biomass (AB – calculated as a sum of ST, BR and ND). 
Competition index 
Tree competition index was calculated for each sampled tree, based on DBH of 
sampled tree (d), DBH of i-th competitor tree (di), number of competing trees within a 
radius of 3.0 m (n) and the distance between sampled and i-th competitor tree (disti) 
using the formula proposed by Hegyi (1974): 
𝐶𝐶𝐶𝐶 = ∑ 𝑑𝑑𝑖𝑖
𝑑𝑑 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛𝑑𝑑=1         (1) 
Different neighbouring species exhibit varying levels of crowding and shading 
(Canham et al. 2004). However, a species effect was not included in the competition 
index to avoid concealing the effect of the different neighbouring species on biomass 
allometry and, in turn, reducing the possibility of type II error. 
Statistical analysis 
All variables were subject to natural log-transformation prior to analysis and model 
development. The following annotations are used throughout the paper:  
− ln(AB), natural logarithm of aboveground biomass (AB);  
− ln(ST), natural logarithm of stem biomass (ST);  
− ln(BR), natural logarithm of branch biomass (BR);  
− ln(ND), natural logarithm of needle biomass (ND);  
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− ln(DBH), natural logarithm of diameter at breast height (DBH);  
− ln(H), natural logarithm of height (H); 
− ln(DBH2H), natural logarithm of squared DBH multiplied with H. 
Using ln(DBH) and ln(H), together within the same model, as distinct independent 
variables revealed that they are highly collinear, yielding a variance inflation factor 
greater than 10 (VIF = 10.52). However, ANCOVA is sensitive to collinearity of 
covariates (Tabachnick and Fidell 2013). As a consequence, the two covariates were 
merged into a single term, ln(DBH2H). Moreover, two covariates, ln(DBH) and 
ln(DBH2H), were found to be non-linear. This was corrected by squaring the 
covariates. 
Analysis of covariance (ANCOVA) 
ANCOVA was used to determine the main effect of tree species composition on 
biomass allometry. The main effect takes into account intercept differences while 
being conditioned on similar slopes (therefore correcting for any interaction). The 
ANCOVA model was: Y = 𝑏𝑏0 + 𝑏𝑏1T𝑑𝑑 + 𝑏𝑏2𝑆𝑆𝐶𝐶 + 𝜀𝜀       (2) 
Here the dependent variables (Y) are expressions for biomass ln(AB), ln(ST), ln(BR) 
and ln(ND), the covariates (Td) are the tree dimension variables ln(DBH)2, ln(H) or 
ln(DBH2H)2. Species composition (SC) was the categorical independent variable (for 
which an effect was tested) and was one of two values, either ‘pure’, or, ‘mixed’. The 
errors ε ~ N (0, σ2) are assumed to be normally distributed and independent. 
Furthermore, because tree competition may have a significant fixed effect on biomass 
we included the tree competition index (CI) as an additional covariate: Y = 𝑏𝑏0 + 𝑏𝑏1T𝑑𝑑 + 𝑏𝑏2𝐶𝐶𝐶𝐶 + 𝑏𝑏3𝑆𝑆𝐶𝐶 + 𝜀𝜀      (3) 
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The assumptions of ANCOVA (i.e. normality, homogeneity of variance, 
independence, linearity and homogeneity of slope) were checked. Homogeneity of the 
slopes was tested by adding an interaction term (see ‘interaction effect’). The 
interactions are presented along with ANCOVA results.  
When included more than one covariate, type II sum of squares ANCOVA 
was used to test the main effects because this provides a more powerful test and 
avoids type I errors (i.e. reduces the probability of a false rejection of the null 
hypothesis in F-tests).  
Interaction effect 
The interaction effect is sensitive to regression slope differences and, when comparing 
two allometric equations, importantly highlights differences in relative growth rates 
between the two groups (i.e. the differences in allometric scaling). The following 
models were used to test the interactions for Eq. 2: Y = 𝑏𝑏0 + 𝑏𝑏1𝑇𝑇𝑑𝑑 + 𝑏𝑏2𝑆𝑆𝐶𝐶 + 𝑏𝑏3(𝑇𝑇𝑑𝑑 × 𝑆𝑆𝐶𝐶) + 𝜀𝜀      (4) 
And for Eq. 3: Y = 𝑏𝑏0 + 𝑏𝑏1𝑇𝑇𝑑𝑑 + 𝑏𝑏2𝐶𝐶𝐶𝐶 + 𝑏𝑏3𝑆𝑆𝐶𝐶 + 𝑏𝑏4(𝑇𝑇𝑑𝑑 × 𝐶𝐶𝐶𝐶) + 𝑏𝑏5(𝑇𝑇𝑑𝑑 × 𝑆𝑆𝐶𝐶) + 𝑏𝑏6(𝐶𝐶𝐶𝐶 × 𝑆𝑆𝐶𝐶) +
𝑏𝑏7( 𝑇𝑇𝑑𝑑 × 𝐶𝐶𝐶𝐶 × 𝑆𝑆𝐶𝐶) + 𝜀𝜀        (5) 
The annotations of variables are similar to Eq. 2 and 3. 
Prediction bias 
Bias was calculated as the difference between predicted biomass of pure trees (𝐵𝐵�𝑝𝑝) 
and the predicted biomass of mixed trees (𝐵𝐵�𝑚𝑚) as produced from power function 
allometric models (back transformed equations), for any given value of independent 
variable (covariate): 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (%) = 𝐵𝐵�𝑝𝑝−𝐵𝐵�𝑚𝑚
𝐵𝐵�𝑝𝑝
× 100       (6) 
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Back transformation, from linear to ‘power’ form equation, produces a bias 
(Baskerville 1972). A correction factor (CF) based on residual standard error (RSE) 
was used to correct for bias (Sprugel 1983): 
𝐶𝐶𝐶𝐶 = exp (𝑅𝑅𝑅𝑅𝑅𝑅2
2
)        (7) 
The bias resulting from the main effect was calculated for models with significant 
ANCOVA and non-significant interaction. Non-significant interactions indicated that 
slopes were not significantly different, and therefore the differences between pure and 
mixed trees were mainly attributable to intercept differences. Because the slopes were 
not completely identical, a random intercept mixed effect model was applied 
(imposing identical slopes for both pure and mixed trees but allow intercept to vary). 
The result of imposing identical slopes is that bias remained constant. Thus, this was 
represented as percentage bias. 
Statistical analyses were conducted in R (R Development Core Team 2016) 
with the RStudio (RStudio Team 2016) interface and using ‘car’ (Fox and Weisberg 
2011) and ‘nlme’ (Pinheiro et al. 2017) packages. 
 
Results  
Differences between biomass allometry of pure and mixed trees 
The differences between pure and mixed trees were assessed using tree dimension 
covariates only (i.e. ln(DBH)2, ln(H) and ln(DBH2H)2). ANCOVA assumptions were 
satisfied by all models, except for ln(ST) predicted by ln(DBH2H)2, which showed 
significant interaction. Neither ln(DBH)2, ln(H) nor ln(DBH2H)2 as covariates 
demonstrated any other significant interaction with respect to regression lines for pure 
and mixed trees (Fig. 1 and Table S1). Using ln(DBH)2 as the covariate, ANCOVA 
results indicated that intercept values of pure and mixed trees were significantly 
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different for all biomass categories, except stem biomass. Only stem biomass 
predicted by ln(DBH)2 demonstrated nearly similar patterns for both pure and mixed 
trees. Modelling biomass on ln(DBH)2, ln(H) or ln(DBH2H)2 revealed that in mixed 
stands (for the same value of covariate) trees exhibited lower aboveground biomass. 
Significant differences for ln(AB) predicted by ln(DBH)2, ln(H) and ln(DBH2H)2 
between pure and mixed trees, was found to be due to significant differences in 
branch and needle biomass. 
The relationship between independent variables 
To understand the biomass allometric differences between pure and mixed trees 
presented earlier, it is important to examine the relationship between independent 
variables. The relationships between ln(H) and ln(DBH)2 were similar for both stands 
(Fig. 2). 
Biomass component proportions of total aboveground biomass for pure and 
mixed trees 
The proportion of components (stem, branches and needles) out of total aboveground 
biomass (Fig. 3) was significantly different in pure and mixed stands. Stem biomass 
proportion was significantly greater for trees growing in the mixed stand compared to 
the pure stand. However, branch biomass proportion was significantly less for mixed 
trees. The proportion of needle biomass was also less, although not significant so 
(Pearson p = 0.077). 
Including the tree competition index as covariate 
The tree competition index (CI) was introduced as a covariate to further reduce the 
type II error (false negative) in ANCOVA. This however did not markedly change 
overall results. As before, ANCOVA demonstrated significant differences between 
intercepts for pure and mixed trees (AB=f(DBH, CI); AB=f(H, CI); AB=f(DBH, H, 
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CI); BR=f(DBH, CI); BR=f(H, CI); BR=f(DBH, H, CI), ND=f(DBH, CI) and 
ND=f(DBH, H, CI)). However, the main SC effect was weaker after inclusion of CI 
as covariate in ANCOVA (Table 2). 
Competition index (CI) was not found to be significantly correlated with either 
DBH (Pearson p = 0.153) nor H (Pearson p = 0.324). Also, there was no significant 
CI difference between pure and mixed stands (ANOVA p = 0.456). 
Prediction bias 
The significant differences between allometry of pure and mixed trees was a source of 
bias (systematic error caused by the type of species composition) in biomass 
prediction, with an effect that ranged from -15.47 to -29.91% (Table 3). The scale of 
bias demonstrates the extent to which predicted biomass of mixed trees differed to 
that for pure stand ones. For any given DBH, the AB biomass of trees growing in 
mixed stand was 15.47% less compared to that in pure stand. Furthermore, for any 
given DBH, the BR and ND biomass of mixed trees was 28.11 and 19.93% 
respectively less than that for pure stand trees (Table 3). Bias was highest when both 
DBH and H were jointly used to predict biomass (i.e. by using ln(DBH2H)2 
covariate).  
 
Discussion 
Results demonstrated significant differences in the biomass allometry for pure and 
mixed trees for some widely used biomass categories and predictors. These 
differences were further reflected in biomass prediction biases. 
Why was the biomass allometry of pure trees different from that of mixed trees? 
The differences in the AB allometry of pure and mixed trees were attributable to 
differences in each of the AB components (ST, BR and ND) and were also correlated 
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with the independent ‘predictor’ variables (DBH and H). Stem biomass allometry was 
found to be similar for pure and mixed trees when DBH, H or DBH and H was used 
as predictors (Fig. 1). However, the ST proportion of AB biomass was significantly 
greater in mixed stands, due to less overall AB compared to that of pure stands. These 
results are consistent with Poorter et al. (2012) who observed for ‘crowded’ stands 
that stem biomass forms a significantly greater proportion of overall tree biomass and, 
conversely, that the proportion of leaf and root biomass was significantly less. 
The relationship between H and DBH may affect stem biomass allometry, so 
for the same DBH value, greater H can yield more stem biomass. Results, however, 
demonstrated a similar pattern of H-DBH relationship for both pure and mixed trees 
which. These H-DBH relationship findings are consistent with other publications (see 
Pretzsch (2014), Drössler et al. (2015)). However, Loewe et al. (2013) demonstrated 
significantly different patterns of stem biomass allometry between pure and mixed 
stands of cherry trees (Prunus avium L.), but only when grown in mixture with black 
locust (Robinia pseudoacacia L.). Thus, it appears that differences in stem biomass 
allometry may be influenced by mixture type. For example, Robinia sp. could 
influence neighbouring tree species through nitrogen fixation, as demonstrated by 
Forrester et al. (2006) for Eucalyptus mixtures. 
In mixed stand trees the biomass proportion represented by branches was 
reduced and, consequently, the proportion represented by leaf biomass was also 
reduced. This could be attributed to greater lateral competition pressure imposed by 
European beech (Pretzsch et al. 2010, Pretzsch 2014). These results are consistent 
with Dieler and Pretzsch (2013), who reported for larger and older trees that the 
crowns of Norway spruce in mixture with European beech were smaller when 
compared to pure stands. However, such responses to mixture were species related 
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since in the same study, European beech were found to have larger crowns when 
grown in mixture. Moreover, Forrester et al. (2017a) found that 13 out of 17 tree 
species had smaller crowns under stronger tree competition and the crown response to 
competition was related to species wood density. Under similar competition, the 
crown reduction was stronger in those species exhibiting lower wood density. 
Therefore, differences in biomass allometry between pure and mixed stands may 
depend on the morphological plasticity of species which, in turn, infers that levels of 
biomass prediction bias due to SC (species composition) may also be determined by 
species and mixture type. Therefore, despite having similar ST, AB was significantly 
lower in the mixed stand due to lower proportions of BR and ND biomass. 
Although in this tree-level study the AB biomass was found to be significantly 
less in mixed stands, Pretzsch and Schütze (2009) found that the opposite relationship 
held for their stand-level study of a similar mixture type. Thus, despite each tree 
having less AB biomass for the same DBH or H, mixed stands successfully produce 
more biomass per unit area than pure stands. This was shown to be related to the 
better capacity of mixed stands to exploit canopy space (Pretzsch 2014, Jucker et al. 
2015), allowing more trees to grow per unit area (Pretzsch and Biber 2016), and to the 
greater mean tree volume of Norway spruce in mixed stands (Pretzsch and Schütze 
2014).  
From a perspective of biomass allocation, our results suggest that the Norway 
spruce trees experienced competition from European beech when growing in mixture. 
Furthermore, the smaller crowns of mature Norway spruce trees in the same type of 
mixture (Dieler and Pretzsch 2013, Forrester et al. 2017a) suggests that competition 
may remain the main type of interaction during the lifetime of the stand. 
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Within this study, no significant CI difference between pure and mixed stand 
was observed, although the species effect was not included (Eq. 1). Incorporating the 
species effect, such as the light transmission coefficient (0.8 for European beech and 
1.0 for Norway spruce, (Pretzsch and Schütze 2009)) in Eq. 1, the difference became 
significant (ANOVA p = 0.033). It may be that Norway spruce trees encountered 
greater competition in mixed stand, due to stronger European beech effects (as 
observed by Dieler and Pretzsch (2013)). Also, unlike in older secondary forests 
(Wang et al. 2011), in our study competition index was not significantly related to 
either DBH or H. This was because in our study the competing trees were of relatively 
of similar size to the core tree (sampled tree). 
Concerning predictive capabilities of independent variables in pure and mixed 
stands 
DBH was least affected by prediction bias in mixed stands, and when compared in 
allometric models developed for pure stands (Table 3). Tree height is potentially 
attractive as a biomass indicator due to its ease of measurement in aerial images 
(Jucker et al. 2017). However, when height alone was used, the AB biomass 
prediction bias between pure and mixed stands (at approximately 19%, Table 3) was 
greater than using DBH alone (approximately 15%, Table 3). Biomass predictions 
that include height and wood density as covariates with DBH can be effective in 
offsetting site and species effects (Wirth et al. 2004, Chave et al. 2014, Forrester et al. 
2017b). This is related to H-DBH relationship being one of the main influences of 
biomass-DBH site variability and to species variations in wood density. Although the 
H-DBH relationship has been shown to be sensitive to environmental effects 
(Feldpausch et al. 2012), results reported here demonstrate an invariant H-DBH 
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allometry in pure and mixed stands that is similar to findings reported by Pretzsch 
(2014).  
However, assuming that species composition (SC) effect in the ln(AB)-
ln(DBH) relationship is due to H-DBH variation, it was anticipated that including 
height (using the ln(DBH2H)2 covariate) would offset the SC effect compared to using 
DBH alone (i.e. ln(DBH)2). Our results suggest the opposite effect. When height was 
included the SC effect became more significant (SC effect on aboveground biomass, 
based on ln(DBH)2: p = 0.0019; SC effect with covariate ln(DBH2H)2: p = 0.0008, see 
Fig. 1), thereby, accentuating the difference between pure and mixed trees. Although 
intriguing, this occurred because by including height, the proportion of explained 
within-group variance was increased, and therefore the remaining SC effect became 
clearer. Thus, by including height, the within-group variance was reduced, in favour 
of between-group variance (reducing the type II error in ANCOVA). This was most 
evident for stem biomass, where SC effect increased to a near significant level (SC 
effect on stem biomass, based on ln(DBH)2: p = 0.602; SC effect with covariate 
ln(DBH2H)2: p = 0.051, see Fig. 1). Overall, this explains why the bias caused by SC 
effect (Table 3) was greater when both DBH and H were used to predict biomass. 
Therefore, the findings of this study demonstrate that SC can influence biomass-DBH 
relationships, and this variation may not be offset by including height in allometric 
models.  
Nevertheless, the SC effect decreased when the competition index (CI) was 
included as a covariate (e.g. SC effect on aboveground biomass based on ln(DBH)2: p 
= 0.002; SC effect with covariates ln(DBH)2 and CI: p = 0.005, see Fig. 1 and Table 
2). This was also observed for the other models. Therefore, unlike height, the CI 
explained part of SC effect. However, the SC effect remained significant regardless of 
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whether CI was included, thus indicating that CI explained only a small proportion of 
the variation attributable to species composition. 
The implications of research findings for forestry practice 
Biomass allometric models are often developed using data from one type of species 
association (i.e. from pure stands or mixed stands). However, in forestry practice 
these models are applied regardless of whether trees grow in pure or mixed stands. 
Results for this study demonstrate that allometric models predicting aboveground 
biomass were significantly different in pure and mixed stands. This difference 
resulted in a constant bias in biomass prediction that was due to species composition 
and managers should be aware of this potential bias. 
Conclusions 
The findings of this study demonstrate that biomass allometry may be significantly 
influenced by species association/mixture effects. When grown in mixture with 
European beech, Norway spruce aboveground, branch and needle biomass was 
significantly reduced when predicted by DBH, H or both, in comparison to Norway 
spruce in pure stands. These differences were a source of significant prediction bias. It 
is therefore recommended that the use of pure monospecific biomass models are not 
transposed to mixtures (or vice versa), unless they are first validated and/or an 
appropriate correction factor is determined.  
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Table 1. The characteristics of the investigated forest stands 
 
Characteristics 
Stand type 
Mixed Pure 
Area (ha) 16.3 18.5 
Latitude 45.525 45.534 
Longitude 25.635 25.616 
Altitude (m) 1050-1200 1180-1250 
Soil type / Substratum Dystric Cambisol / 
Sedimentary  
Dystric Cambisol / 
Sedimentary 
Slope (%) 28 27 
Species composition 70% European beech 
20% Norway spruce 
10% Silver fir 
90% Norway spruce 
10% European beech 
Age of the oldest Norway 
spruce trees (years) 
18 18 
No. of stems (per hectare)* 3950a 3700 
Mean DBH (SD), in cm 7.8 (2.9) 8.6 (2.1) 
Mean height (SD), in m 8.3 (3.1) 8.4 (2.2) 
Standing volume (in m3) 141b 136 
No. of sampled trees 25 25 
* Includes all trees within the plot. 
a Stem densities (stocking) by species were: European beech, 3442/ha; Norway 
spruce, 508/ha. 
b Standing volumes over bark by species were: European beech, 118 m3; Norway 
spruce, 23 m3. 
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Table 2. ANCOVA main effects and covariate interactions (p values) for pure vs. 
mixed species composition 
 
DV Covariates 
SC 
effect 
(1) 
SC 
effect 
(2) 
Interactions 
Td:CI:SC CI:SC Td:SC Td:CI 
ln(AB) 
ln(DBH)2, CI 0.005 0.005 0.274 0.103 0.356 0.882 
ln(H), CI 0.042 0.045 0.446 0.692 0.751 0.569 
ln(DBH2H)2, CI 0.002 0.002 0.375 0.211 0.330 0.939 
ln(ST) 
ln(DBH)2, CI 0.663 0.698 0.322 0.005 0.202 0.874 
ln(H), CI 0.132 0.139 0.298 0.983 0.799 0.595 
ln(DBH2H)2, CI 0.099 0.076 0.221 0.001 0.012 0.870 
ln(BR) 
ln(DBH)2, CI 0.0009 0.001 0.806 0.980 0.848 0.868 
ln(H), CI 0.017 0.024 0.814 0.383 0.260 0.634 
ln(DBH2H)2, CI 0.001 0.002 0.885 0.940 0.747 0.839 
ln(ND) 
ln(DBH)2, CI 0.027 0.028 0.953 0.512 0.465 0.818 
ln(H), CI 0.119 0.107 0.816 0.306 0.167 0.612 
ln(DBH2H)2, CI 0.032 0.033 0.961 0.514 0.401 0.798 
Abbreviations: DV – dependent variable; CI – competition index; SC – species 
composition; Td – dendrometric covariate (tree dimensions) that could be ln(DBH)2, 
ln(H) or ln(DBH2H)2; SC effect (1) – main SC effect without interactions (Eq. 3); SC 
effect (2) – main SC effect with interactions (Eq. 5).  
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Table 3. The prediction bias resulted from the main SC effect (see Eq. 6).  
 
Model Bias (%) 
AB=f(DBH) -15.47** 
AB=f(H) -19.08* 
AB=f(DBH, H) -19.28*** 
BR=f(DBH) -28.11*** 
BR=f(H) -28.29** 
BR=f(DBH, H) -29.91*** 
ND=f(DBH) -19.93* 
ND=f(DBH, H) -21.15* 
Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001 here are presented for those 
main effects that were sources of bias (see Fig. 1). Note: The prediction bias resulted 
from the main effect was calculated only for models showing significant ANCOVA 
and non-significant interactions. 
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List of figures: 
Fig. 1. Differences between allometry of pure and mixed trees. Notes: Plot codes (a1 
to -c4) comprise a letter for independent variables, a – ln(DBH)2; b – ln(H) and c – 
ln(DBH2H)2; and a number for dependent variables, 1 – ln(AB); 2 – ln(ST); 3 – 
ln(BR); 4 – ln(ND). ANCOVA probabilities are for the significance of the 
difference between the intercepts for pure and mixed trees (Eq. 2). Interaction 
within plots is signalled by slope differences between pure and mixed trees (Eq. 4).  
Fig. 2. The relationship between independent variables for pure and mixed trees. 
Fig. 3. The proportion of total aboveground biomass represented by biomass 
components (ST, BR and ND).  
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